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a b s t r a c t
The common marmoset (Callithrix jacchus) is quickly gaining traction as a premier neuroscientiﬁc model. However, considerable progress is still needed in understanding the functional and structural organization of the
marmoset brain to rival that documented in longstanding preclinical model species, like mice, rats, and Old
World primates. To accelerate such progress, we present the Marmoset Functional Brain Connectivity Resource
(marmosetbrainconnectome.org), currently consisting of over 70 h of resting-state fMRI (RS-fMRI) data acquired
at 500 μm isotropic resolution from 31 fully awake marmosets in a common stereotactic space. Three-dimensional
functional connectivity (FC) maps for every cortical and subcortical gray matter voxel are stored online. Users
can instantaneously view, manipulate, and download any whole-brain functional connectivity (FC) topology (at
the subject- or group-level) along with the raw datasets and preprocessing code. Importantly, researchers can use
this resource to test hypotheses about FC directly – with no additional analyses required – yielding whole-brain
correlations for any gray matter voxel on demand. We demonstrate the resource’s utility for presurgical planning
and comparison with tracer-based neuronal connectivity as proof of concept. Complementing existing structural
connectivity resources for the marmoset brain, the Marmoset Functional Brain Connectivity Resource aﬀords
users the distinct advantage of exploring the connectivity of any voxel in the marmoset brain, not limited to
injection sites nor constrained by regional atlases. With the entire raw database (RS-fMRI and structural images)
and preprocessing code openly available for download and use, we expect this resource to be broadly valuable
to test novel hypotheses about the functional organization of the marmoset brain.

1. Introduction
The common marmoset (Callithrix jacchus) is becoming a popular
model for neuroscientiﬁc research, oﬀering numerous advantages over
other preclinical modeling species (Okano and Mitra, 2015). As primates, marmosets have structural and functional cortical features similar to those found in macaques and humans (Schaeﬀer et al., 2020). The
marmoset’s lissencephalic (ﬂat) cortex oﬀers a unique and signiﬁcant
advantage, greatly simplifying laminar cortical recordings and other manipulations (e.g., high-density electrophysiology, optical imaging, optogenetics) compared to the highly convoluted cortex of Old-World primates. Marmosets are small (∼350–600 g body weight) and have simpliﬁed husbandry and care requirements and reduced biosafety concerns

∗

compared to Old World primates. Recent innovations in marmoset genetic engineering (Park, 2016; Park and Sasaki, 2021; Sasaki, 2009)
and demonstrations that marmosets are amenable to many neuroscientiﬁc recording tools originally developed for rodents make the marmoset a particularly attractive model for neuroscientiﬁc inquiry. Despite
their only recent popularization, the essential value of marmosets as
a complementary model in neuroscience has become abundantly clear
(Okano and Mitra, 2015; Mitchell et al., 2014), fostering the development of openly available neuroscientiﬁc resources, including anatomical tracer data (Majka et al., 2020), MRI-based atlases (Ma et al., 2018;
Liu et al., 2021; Hikishima et al., 2011), and experimental testing apparatus (Gilbert et al., 2019; Schaeﬀer et al., 2019; Mundinano et al.,
2016; Johnston et al., 2018; Remington et al., 2012).
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Publicly available MRI resources (Majka et al., 2020; Fox et al., 2021;
Milham et al., 2020; Liu, 2018; Hayashi et al., 2021; Van Essen et al.,
2013) have been tremendously useful and generally welcomed by scientiﬁc stakeholders (Milham, 2020, 2022). Because MRI is a relatively
expensive technique, data sharing allows for high-powered populationlevel analyses that may otherwise not be feasible. Human projects, such
as the Human Connectome Project, have exempliﬁed the beneﬁts of
open data and set essential standards for consistent and optimized data
acquisitions (Glasser et al., 2016). Similarly, the PRIMatE data Exchange
(PRIME-DE (Milham, 2022)) is making great strides in developing similar strategies for nonhuman primate data (Hayashi et al., 2021). These
strategic initiatives are suitably coupled with initiatives for standardized data sharing, such as the Brain Imaging Data Structure (BIDS) formating for online repositories (Gorgolewski et al., 2016). Data sharing
reduces the burden of animal use, including not only the cost and logistics of housing but, most importantly, the requisite number of animals
needed to participate in research. Concomitant with these beneﬁts, such
resources make data available to institutions without preclinical neuroimaging facilities or the broad expertise required to develop and implement nonhuman primate imaging protocols. Data sharing has been
essential for enabling cross-species comparisons, allowing researchers
to more readily realize the translational value of their data with reference to the human brain or other phylogenetically similar species (Hori
et al., 2021; Schaeﬀer, 2020a; Balsters et al., 2019; Buckner and Margulies, 2019).
Despite considerable interest in acquiring neuroimaging data in marmosets (Miller et al., 2016), there are currently only a few institutions worldwide equipped to conduct large-scale fMRI studies in fully
awake marmosets. This scarcity is partly due to the encumbrance of
developing custom hardware (e.g., radiofrequency and gradient coils)
(Peterson et al., 2018; Gilbert et al., 2019; Schaeﬀer et al., 2019;
Papoti et al., 2017) to achieve high-quality, accelerated MRI acquisitions, as marmoset-speciﬁc imaging hardware for high-ﬁeld preclinical MRI systems is not widely available commercially. Further, with
confounding eﬀects of canonical anesthetic agents (e.g., isoﬂurane) on
the blood-oxygenation-level-dependent (BOLD) signal, it is preferable to
collect fMRI data in fully awake marmosets (Hori et al., 2020; Liu et al.,
2013; Schaeﬀer et al., 2019; Hung et al., 2015a; Hung et al., 2015b;
Tian et al., 2021; Schaeﬀer et al., 2020). The painstaking work of acclimating marmosets to tolerate being awake in the MRI environment
and developing means to ameliorate head motion are other signiﬁcant
hurdles for researchers interested in performing marmoset fMRI studies. Because our group and others have already met these challenges,
we aim to accelerate progress in the ﬁeld by making our data and the
means to collect it (e.g., training procedures, hardware designs) publicly
available (Gilbert et al., 2019; Schaeﬀer et al., 2019; Papoti et al., 2017;
Silva et al., 2011). With the advent of 3D printing, the low-volume production of marmoset-speciﬁc apparatuses is becoming increasingly feasible for institutions without in-house machining, avoiding the cost and
wait associated with outsourcing.
To promote progress in understanding the functional organization of
the marmoset brain, we present a resource that allows for online viewing
and download of three-dimensional functional connectivity (FC) maps
from over 70 h of RS-fMRI collected at ultra-high ﬁeld from 31 fully
awake adult marmosets: marmosetbrainconnectome.org. Importantly,
researchers can use this resource to test hypotheses about FC directly –
with no additional analyses required – yielding whole-brain correlations
for any gray matter voxel on demand. We demonstrate the resource’s
utility for presurgical planning and comparison with tracer-based structural connectivity as proof of concept. Further, we illustrate the distinct
advantages of the Marmoset Functional Connectivity Resource, complementing existing structural connectivity resources for the marmoset
brain. We demonstrate that the connectivity can vary widely even within
a cytoarchitectonically well-deﬁned region (e.g., area TE3). Note that
neural tracer connectivity resources use a cartesian grid system to plot
injections across the cortex and provide no subcortical data (Majka et al.,

2020). Our comprehensive RS-fMRI-based whole-brain connectivity resource overcomes these limitations by allowing the user to interrogate
and examine the FC of any brain voxel – cortical or subcortical – ﬁlling
critical gaps across the brain where neuronal tracer injections are unavailable. With the entire raw database (RS-fMRI and structural images)
and preprocessing code for 31 marmosets openly available for download and use, we expect this resource to be broadly valuable to test
novel hypotheses about the functional organization of the marmoset
brain. Connectivity maps can be instantaneously loaded at the group
level or for individual marmosets to cater to various neuroscientiﬁc inquiries. To integrate this resource seamlessly with existing marmoset
resources, we have included three atlases (in both volume and surface
space) (Hikishima et al., 2011; Liu, 2018; Paxinos et al., 2012) onto
which the FC topologies can be projected. Finally, we present a new
ultra-high-resolution marmoset anatomical template at 25 μm isotropic
resolution.
2. Methods
2.1. Animals
Thirty-one adult marmosets (Callithrix jacchus) from two separate
collection sites contributed data to this resource: 5 marmosets from the
University of Western Ontario (UWO) and 26 marmosets acquired at the
National Institutes of Health (NIH) (Table 1). For the UWO data, all ﬁve
marmosets underwent an aseptic surgical procedure to implant an MRIcompatible head chamber; note that this plastic chamber was explicitly
designed to avoid magnetic susceptibility artifacts for MRI acquisitions
(Johnston et al., 2018; Schaeﬀer et al., 2019). For the NIH data, a noninvasive custom-formed head holder was 3D printed and aﬃxed to the
animal bed (Papoti et al., 2013). Experimental procedures were per the
Canadian Council of Animal Care policy and a protocol approved by the
Animal Care Committee of the University of Western Ontario Council
on Animal Care (UWO data) and Animal Care and Use Committee of
the National Institute of Neurological Disorders and Stroke, National
Institutes of Health (NIH data).
2.2. Acclimatization to the MRI environment
Marmosets at both UWO and NIH underwent the same acclimatization training for awake MRI (Silva et al., 2011). Brieﬂy, marmosets
were trained over several weeks, advancing across three phases of acclimatization, progressing to the subsequent training phase based on the
animal’s behavior. Animals only progressed to the subsequent training
phase if they received a behavioral rating score of < 2 (see behavioral
rating scale (Silva et al., 2011)), showing little sign of agitation across
the training period. During the ﬁrst phase, the marmosets were acclimatized to body restraint only (i.e., not head restrained) for increasingly
long periods, starting at 15 min and progressing up to an hour in the
course of a week. The marmosets were rewarded (e.g., banana pudding,
mini-marshmallows) at the start and end of the training session. During the second phase, the animals were inserted into a mock MRI tube
(i.e., the same diameter as the scanner bore being used) while being
restrained as described in phase 1. With MRI being an extremely loud
technique (e.g., 125+ dB for an fMRI sequence at 9.4 Tesla), it is necessary to also acclimate the animal to the periodic sounds of the MRI;
recorded versions of the sounds were played at increasingly loud volumes, and for increasingly long durations. Once the performance was
satisfactory for phase 2, the animals proceeded to phase 3, combining
phase 1 (body restraint) and 2 (sounds in the mock MRI), but with the
addition of head ﬁxation for increasingly long periods. By the end of
phase 3, the marmosets were suﬃciently acclimatized to the restraint
system and proceeded to awake MRI acquisitions with minimal stress.
With few exceptions, the total duration of training was three weeks,
with each phase lasting one week. For a few animals, additional time
(one week at most) was taken for acclimation to phase 1.
2
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Table 1
Demographic information. The table summarizes the animal sex (Female, F, or Male, M), the average age of the animal during the scanning
sessions, collection site and MRI ﬁeld strength, the average weight during the scanning sessions and the number of RS-fMRI volumes
acquired for each monkey.
Monkeys

Sex

Average age (months)

Collection site / ﬁeld strength (tesla)

Average body weight (g)

Number of RS-fMRI runs∗ volumes

Sub-01
Sub-02
Sub-03
Sub-04
Sub-05
Sub-06
Sub-07
Sub-08
Sub-09
Sub-10
Sub-11
Sub-12
Sub-14
Sub-15
Sub-16
Sub-17
Sub-18
Sub-19
Sub-20
Sub-21
Sub-22
Sub-23
Sub-24
Sub-25
Sub-26
Sub-27
Sub-28
Sub-29
Sub-30
Sub-31
Sub-32

M
M
M
M
F
M
M
F
M
M
M
M
M
M
F
M
F
F
M
M
M
F
M
M
M
M
F
M
M
F
M

43
14
14
21
27
71
24
41
77
23
32
27
65
31
59
36
44
49
40
95
36
22
35
63
40
115
75
78
36
77
78

UWO / 9.4
UWO / 9.4
UWO / 9.4
UWO / 9.4
UWO / 9.4
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7
NIH / 7

382
240
324
367
371
406
484
533
446
457
554
464
414
380
543
359
437
345
513
471
433
463
483
562
461
528
414
270
625
448
472

10 × 600
6 × 600
9 × 600, 9 × 400
22 × 600
15 × 600
8 × 512
8 × 512
8 × 512
7 × 512
7 × 512
8 × 512
8 × 512
8 × 512
8 × 512
8 × 512
8 × 512
8 × 512
8 × 512
8 × 512
8 × 512
8 × 512
6 × 512
6 × 512
8 × 512
8 × 512
8 × 512
8 × 512
6 × 512
8 × 512
8 × 512
8 × 512

2.3. Data acquisition

angle = 70.4°, ﬁeld of view = 28 × 36 mm, matrix size = 56 × 72,
voxel size = 0.5 × 0.5 × 0.5 mm, slices = 38, bandwidth = 134 kHz,
GRAPPA acceleration factor: 2 (left-right). Two sets of spin-echo EPI
with an opposite phase-encoding direction (left-right and right-left)
were collected for the EPI-distortion correction (TR = 3,000 ms,
TE = 36 ms, ﬁeld of view = 28 × 36 mm, matrix size = 56 × 72, voxel
size = 0.5 × 0.5 × 0.5 mm, slices = 38. T2-weighted structural image
scans were acquired for each animal during the awake sessions with the
following parameters: TR = 6,000 ms, TE = 54 ms, ﬂip angle = 90°,
ﬁeld of view = 28 × 36 mm, matrix size = 112 × 144, slices = 38, voxel
size = 0.25 × 0.25 × 0.5 mm, slices = 38, bandwidth = 25 kHz, GRAPPA
acceleration factor: 2, number of averages = 8.
For both acquisition sites (UWO and NIH), the marmosets were
monitored via an MRI-compatible camera (Model 12M-i, MRC Systems
GmbH, Heidelberg, Germany) to evaluate comfort and behavior, but
neither site formally recorded eye movements. Given that the animals
were awake and therefore self-regulating their own physiology, neither
site recorded respiration, heart rate, or Sp02. Practically, recording rectal temperature or attaching an Sp02 sensor to an awake marmoset was
weighed against the undue stress to the animal that would be caused by
attaching such apparatus.

The UWO data (Sub-01 - Sub-05) were acquired using a 9.4 Tesla
(T) 31 cm horizontal bore magnet (Varian/Agilent, Yarnton, UK) with
a custom-built 15-cm-diameter gradient coil with 400-mT/m maximum
gradient strength (xMR, London, ON, CAN; Peterson et al., 2018), and
custom 5-channel receive coil which was rigidly ﬁxed to the head chamber (Schaeﬀer et al., 2019). Radiofrequency transmission was accomplished with a quadrature birdcage coil (12-cm inner diameter) built
in-house. All UWO imaging was performed at the centre for Functional and Metabolic Mapping. Functional imaging was performed over
multiple sessions (days) for each animal, with 4–6 functional runs (at
600 vol each; see Table 1 for animal-speciﬁc numbers) per animal
with the following parameters: TR = 1,500 ms, TE = 15 ms, ﬂip angle = 35°, ﬁeld of view = 64 × 64 mm, matrix size = 128 × 128,
voxel size = 0.5 × 0.5 × 0.5 mm, slices = 42, bandwidth = 500 kHz,
GRAPPA acceleration factor: 2 (anterior-posterior). T2-weighted structural scans were acquired for each animal during one of the awake
sessions with the following parameters: TR = 5,500 ms, TE = 53 ms,
ﬁeld of view = 51.2 × 51.2 mm, matrix size = 384 × 384, voxel
size = 0.133 × 0.133 × 0.5 mm, slices = 42, bandwidth = 50 kHz,
GRAPPA acceleration factor: 2.
The NIH data (Sub-06 – Sub-32) were acquired using at 7 T 30 cm
horizontal bore magnet (Bruker BioSpin Corp, Billerica, MA, USA) with
a custom-built 15-cm-diameter gradient coil with 450-mT/m maximum gradient strength (Resonance Research Corp, Billerica, MA, USA)
and custom 10-channel phased-array receive coil which conformed to
the 3D printed head holder. Radiofrequency transmission was accomplished with a 16-rung high-pass birdcage coil. Functional imaging
was performed in a single session with 4–8 functional runs (at 512
volumes each; see Table 1 for animal-speciﬁc numbers) per animal
with the following parameters: TR = 2,000 ms, TE = 22.2 ms, ﬂip

2.4. Data processing
Apart from the addition of phase-encoding direction correction for
the NIH dataset, which was acquired with left-right and right-left phase
encoding (equally divided across runs), the analysis of the UWO and NIH
datasets was identical. The fMRI data were preprocessed using the Analysis of Functional NeuroImages (AFNI) (Cox, 1996) and FMRIB Software
Library (FSL) (Smith et al., 2004) software packages. For each run, the
ﬁrst ten time points were removed for magnetization to reach a steady
state. The images were then despiked (AFNI’s 3dDespike), and volume
3
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registered to the middle volume of each time series (AFNI’s 3dvolreg),
and slice timing was corrected (AFNI’s 3dTshift). The volume registration also served to estimate head translations and rotations – those values were stored for each volume, as well as the derivatives, for later use
as nuisance regressors and for censoring motion greater than one voxel
(500 μm). For the NIH data with opposing phase encodings, each animal’s individual runs were also registered to the ﬁrst run (FSL’s FLIRT)
and then corrected for distortion (FSL’s topup). Images were smoothed
by a 1.5 mm full-width at half-maximum (FWHM) Gaussian kernel to
reduce noise (AFNI’s 3dmerge). Variance for three-dimensional translation and rotation, linear and non-linear detrending (up to ﬁfth order)
was accounted for using regression (AFNI’s 3dDeconvolve), which also
included bandpass ﬁltering (0.01 and 0.1 Hz).

for UWO and NIH to demonstrate any diﬀerences in power due to acquisition parameters, hardware, or ﬁeld strength.
2.8. Cross-modality comparisons
With the recent release of tracer-based cellular connectivity maps
across the marmoset cortex in volume space (Majka et al., 2020),
we could directly compare retrograde histochemical tracing with
population-level FC topologies. Explicitly, we focused on a tracer map
from an area 46 injection (left; CJ801-DY; marmosetbrain.org for notes
on these injections). The anatomical template (described in (Majka et al.,
2020)) was nonlinearly registered to resource atlas space using ANTs
(Avants et al., 2011) to bring the fMRI data and tracer-based connectivity into the same space. The volumetric injection data was then brought
into template space via this transformation matrix. Note that the tracer
data are for the left hemisphere only.
To demonstrate the additional information oﬀered by our resource,
we systematically plotted connectivity across (within) area TE3 for comparison with available tracer injections within that region (left; CJ180CTBr and CJ180-DY; marmosetbrain.org for notes on these injections)
(Majka et al., 2020). We seeded eight voxels along the rostral-caudal
axis using the “Load voxel correlation” feature described above.

2.5. Registration to template
An average functional image was calculated for each run and registered (FSL’s FLIRT) to each animal’s T2-weighted image – the 4D
time-series data was carried over using this transformation matrix.
Anatomical images were manually skull-stripped, and this mask was applied to the functional images in anatomical space. The T2-weighted
images were then nonlinearly registered to the NIH marmoset brain
atlas (Liu et al., 2021) using Advanced Normalization Tools (ANTs)
(Avants et al., 2011), and the resultant transformation matrices were
stored and applied to the functional images. The olfactory bulb was
manually removed from the T2-weighted images of each animal before
registration, as it was not included in the template image.

2.9. 25 μm marmoset brain connectome anatomical template
To more readily facilitate alignment of the functional and structural
data with histology (e.g., Nissl stained sections), we acquired a T2 ∗ weighted image of an ex vivo sample at 25 μm isotropic resolution as
a state-of-the-art anatomical underlay. The ultra-high-resolution ex vivo
template (Marmoset Brain Connectome (MBC) template) was generated
from a 6.5-year-old male marmoset weighing 550 g. Following perfusion with a phosphate-buﬀered saline solution (0.1 M) to clear the blood
and 4% paraformaldehyde ﬁxative solution, the sample was soaked in
0.2% gadolinium (1 mmol ml–1, Gadavist, Bayer) in 1 × PBS (0.1 M)
for two weeks and then in 0.2 % gadolinium in pure water for one day.
The gadolinium reduced the T1 relaxation time of tissues (measured at
220 ms), reducing the total scan time, and the ﬁnal day pure-water protocol helped restore the T2 relaxation time by reducing formalin levels
in the tissues. Customized 3D-printed brain holders were used to hold
the brain and reduce vibration. The sample was imaged at the University of Pittsburgh Brain Institute on a 9.4 T 30 cm horizontal bore MRI
scanner (Bruker BioSpin Corp, Billerica, MA) equipped with a Bruker
BioSpec Avance Neo console and the software package Paravision-360
(version 3.2; Bruker BioSpin Corp, Billerica, MA) and a custom high performance 17 cm gradient coil (Resonance Research Inc, Billerica, MA)
performing at 450 mT/m gradient strength. A custom 30 mm inner diameter millipede quadrature coil (ExendMR LLC, Milpitas, CA) was used
to maximize sensitivity. The sample was placed in a 50 ml conical centrifuge tube, ﬁlled with Fomblin oil (Solvay Solexis, West Deptford, NJ),
and placed under vacuum (−27 inHg) for 30 min to remove air bubbles.
A T2 ∗ -weighted structural scan was acquired with the following parameters: TR = 100 ms, TE = 12.3 ms, ﬁeld of view = 35 × 25 × 22 mm, matrix
size = 1,400 × 1,000 × 870, voxel size = 0.025 × 0.025 × 0.025 mm,
bandwidth = 74 kHz, number of averages = 4, total scan time = 4
days, 40 min. The T1 relaxation time of the tissue was measured (mean
T1 = 220 ms), and an optimum ﬂip angle (Ernst angle) of 50.6° was set
for a TR of 100 ms.
The 25 μm ex vivo template image was then registered to the NIH
in vivo template, with a native resolution of 200 μm. A resampled version of this atlas (at 100 μm) allows for additional anatomical detail
over the in vivo template but will still load suﬃciently fast as an underlay image on marmosetbrainconnectome.org. The full native resolution
image (25 μm isotopic) is also available for download through the website – with > 1.2 billion voxels in the native resolution image, it is (at
present) better handled oﬄine with a suﬃciently powerful workstation.

2.6. Voxel-wise correlations
For each run, voxel-wise correlations (i.e., the time course for each
voxel was correlated with every other voxel) were calculated within
gray matter voxels only (n = 46,621), with mean time courses from
white matter and cerebrospinal ﬂuid voxels severing as nuisance regressors (AFNI’s 3dTcorrMAP). Delineation of tissue types was based on
segmentation of the marmoset population atlas (Liu et al., 2021). Then,
for each resultant voxel-wise correlation map (i.e., one map for every
coordinate), subject- and group-wise statistics were conducted (AFNI’s
3dTest++), with the consequent t-statistic value converted to Z-scores.
Explicitly, the UWO and NIH datasets are combined, and the Z-scores for
each voxel map are loaded when a user clicks the “Load voxel correlation” on the resource website. Users also can load Z-score maps and surfaces for individual marmosets (i.e., computed across all available runs
for that animal). Correlation values are not loaded for white matter or
CSF voxels as the associated voxels were masked, and the time courses
were used as nuisance regressors. Given the power of the dataset, with
over 70 h of RS-fMRI from 31 animals at ultra-high ﬁeld, we did not
employ cluster-wise correction.
Further, with user exploration of the resource in mind, we also did
not set a statistical threshold per se, as it is fully adjustable on the resource website. Instead, we set a high threshold of p < .001 (corresponding to a Z-score of 3.28) as the default threshold loaded with the correlation map. With the data fully available for download, users have the
freedom to choose the most appropriate threshold or correction technique for their application. Each connectivity map was mapped to the
mid cortical gray matter surface, constrained by pia and white matter
(Liu et al., 2021).
2.7. Power calculation
FC variance was calculated (mean normalized correlation from the
all gray matter voxels in the FC map (8aV seed)) / (standard deviation) as a function of the number of contributing runs to determine the
suﬃcient number of runs for seed-based connectivity. The runs were
randomly selected from all runs to avoid individual diﬀerences in data
quality and repeated 1000 times. This procedure was done separately
4
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Fig. 1. Features of the web portal: marmosetbrainconnectome.org. (A) A sample seed correlation – the user can place the cursor in the desired voxel
and click the “Load voxel correlation” button to display the FC map for that voxel in volumetric and surface space. (B) The data download page
(https://www.marmosetbrainconnectome.org/download.html) allows the user to download all raw (BIDS standard formated) (Gorgolewski et al., 2016) and preprocessed data. (C) Enhanced resource features, including the ability to display borders from ﬁve diﬀerent marmoset brain atlases (the Paxinos atlas (Paxinos et al.,
2012), the RIKEN atlas (Hikishima et al., 2011), and the three MRI-based Marmoset Brain Mapping atlases (Liu et al., 2021)). (D) Demonstrates interactive image
controls, including the ability to vary statistical thresholds, manipulate the spatial orientation of the images, and the option to display group- or individual-level
functional topologies.

By resampling the NIH in vivo template from 200 μm to 25 μm and nonlinearly registering the MBC template to the resampled NIH template,
the MBC 25 μm template can be readily viewed with all the overlays
and atlas boundaries available through the online resource (e.g., those
shown in Fig. 1).

at https://gitlab.com/cfmm/marmoset. The viewer is preloaded with
ﬁve diﬀerent atlases to aid brain localization: The Paxinos Marmoset
Brain Atlas (Paxinos et al., 2012), the RIKEN atlas (Hikishima et al.,
2011), and three MRI-based Marmoset Brain Mapping atlases (Liu et al.,
2021). The Marmoset Brain Mapping population (Liu et al., 2021) T1and T2-weighted images are loaded as the default underlying image to
which all data and atlases are registered. The displayed stereotaxic coordinates can be directly transferred to a stereotactic apparatus for adult
marmosets.
In addition to the ability to quickly load the FC map (values are correlation R-values transformed to normalized Z-values) from any gray matter voxel in the online viewer, the loaded FC topology map can be downloaded as a volumetric ﬁle (.nii.gz format). Conversely, the user can upload volumetric ﬁles generated oﬄine to the online viewer by dragging
the ﬁle over the main viewer window, such as structural anatomical
or tractography images, task-based fMRI or positron emission tomography topologies, or CT images of the head. The user needs to pre-align
these images to the Marmoset Brain Mapping V3 template (Liu et al.,
2021), so they are in the same space as default loaded images. Directing
to https://www.marmosetbrainconnectome.org/download.html allows
for download of the “raw” structural and functional images (3D Neuroimaging Informatics Technology Initiative (NIfTI) format) contributing to the FC maps shown in the resource – for convenience, these data
are in a standard format (BIDS) (Gorgolewski et al., 2016). This allows
the user to conduct custom analyses apart from those curated in the
resource (e.g., applying machine learning or dimension reduction algo-

3. Results
3.1. Resource
The Marmoset Functional Connectivity Resource is publicly accessible at marmosetbrainconnectome.org. The resource allows for viewing
of 42,621 voxel-wise correlations computed in cortical and subcortical gray matter across the entire marmoset brain. The current release
contains the results from 70+ hours of fully awake RS-fMRI data acquired at 9.4 and 7 T (Fig. 1 shows the web portal home page and
example FC topology). The resource makes use of the Papaya viewer
(https://rii-mango.github.io/Papaya/), with several additional features
(illustrated in Fig. 1C & D), including (1) calculation of surface overlay maps on-demand based on the threshold chosen in volume space,
(2) the ability to display atlas borders in surface space, (3) support
for rotating the underlying volume, overlaying functional connectivity map, and atlas boundaries together – such obliquing of the images
can be of utility for presurgical planning, and (4) the ability to choose
between group- and subject-level topologies. The development of the
Marmoset Functional Connectivity Resource is described in full detail
5
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Fig. 2. Individual marmoset’s registration to the Marmoset Brain Mapping (MBM) template space. For each run, mean BOLD images are computed for each animal,
then linearly registered to the individual’s T2-weighted structural anatomy. Next, these linearly registered images are nonlinearly registered to the template based
on the registration of each animals’ T2-weighted image to the T2-weighted template space. The ﬁrst image shows the MBM template image, with the gray matter
boundaries outlined in red. The following images show this outline overlaid on each animals’ ﬁnal registration result.

rithms to the time course information and conducting studies related
to sex or age). Users can also download all code used to generate the
functional connectivity maps from https://gitlab.com/cfmm/marmosetconnectivity.

ity Resource website. Subject-level maps from individual animals can
also be loaded on demand, and topologies loaded from any cortical
or subcortical voxel Fig. 3. shows individual functional connectivity
maps from a seed placed in area 8aV (functional coordinates: x = 43,
y = 64, z = 33) as an example of data consistency across animals.
These individual maps corroborate evidence obtained from electrophysiology (Selvanayagam et al., 2019; Ma et al., 2020) and task-based fMRI
(Schaeﬀer et al., 2019d). They show activation of areas 8aV and MT,
along with broad swaths of the parietal (spanning all parietal subregions) and visual cortices. Inter-individual diﬀerences, which are not
present at the high statistical threshold set as a default for the group
maps (Z = 3.28, corresponding to p <0.001), may not entirely be due to
power. Thus, the underlying causes for inter-individual diﬀerences may
be an interesting avenue to pursue (e.g., functional homotopy related
to undergirding anatomy (Szczupak et al., 2020)). Individual anatomical diﬀerences as they relate to the head chamber implants (Sub-01
– Sub-05) may also contribute to heterogeneity (e.g., the skin around
the chamber), as could head morphology modulating the distance from
the coil elements (in all marmosets). As we continue to add data to the
resource, the sources of such diﬀerences may become apparent (e.g.,
diﬀerences in animal arousal during the awake session; manually monitored via camera at present) or become increasingly irrelevant noise
amid the group map.

3.2. Registration
Precise registration is central to maintaining the topological location of FC maps from individual to template space Fig. 2. shows the
registration results of each marmoset to template space. Explicitly, for
each run, these are mean BOLD images computed for each animal, linearly registered to the individual T2-weighted structural anatomy, then
nonlinearly registered to the template based on the registration of each
animal’s T2-weighted image to the T2-weighted template space. The
images for Sub-01 – Sub-05 – those acquired at 9.4 T at The University of Western Ontario (UWO) – demonstrate one of the diﬀerences between the two datasets, that phase-encoding (UWO: anterior-posterior;
The National Institutes of Health (NIH): left-right, right-left; corrected)
contributes to registration quality in the axis of encoding. Accelerated
sequences, high ﬁeld strength, and magnetic susceptibility artifacts from
the head chamber implant exacerbate these diﬀerences (as described
previously (Schaeﬀer et al., 2019)). However, these diﬀerences in registration do not seem to signiﬁcantly impact the FC topologies of seeds
at the boundaries of these distortions (see Fig. 3 for 8aV frontal cortex
seed).

3.4. Default mode network as a function of age

3.3. Voxel-wise correlations

As further corroboration of the power of this dataset, and as a demonstration of the types of analysis that can be conducted with the available datasets, we demonstrate the ability to reproduce the default mode
network (Belcher et al., 2013; Buckner and Margulies, 2018; Liu et al.,

By default, the group-level data can be readily viewed (and statistical threshold adjusted) on the Marmoset Functional Brain Connectiv6
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Fig. 3. FC topologies (from an 8aV seed in the right hemisphere) for all marmosets currently contributing to the resource. The ﬁrst image shows the group topology
without a statistical (lower) threshold applied. The following images show FC from each animal from the same 8aV seed.

Fig. 4. FC topologies (with the mean time course of area 8aD as a seed) demonstrate the reproducibility of the default mode network at the subject level. The ﬁrst
image shows the group topology without a statistical (lower) threshold applied. The following images show FC from each animal from the same 8aD seed. The white
outlines on each image show the regional hubs (i.e., areas of strong FC) of the default mode network, drawn from the group-level map. ACC = anterior cingulate
cortex; PCC = posterior cingulate cortex; PPC = posterior parietal cortex.

2019) by seeding area 8aD (i.e., the average time course of all voxels
within that region) in each animal (Fig. 4). Further, we demonstrate
how connectivity across the default mode network varies with age and
sex (Fig. 5).

avoid individual diﬀerences in data quality and repeated 1000 times
Fig. 6.A shows the power of a resultant correlation across gray matter
for both the UWO and NIH data. The curves from both institutions show
a change in derivative at around eight runs, despite being at diﬀerent
ﬁeld strengths, suggesting this is a reasonable minimum amount of data
collected from a trained awake marmoset (2 h) within a single session.
Further, these plots indicate that the amount of data currently contributing to the Marmoset Functional Brain Connectivity Resource group map
is suﬃciently powered and approaching an asymptote. As mentioned
above, we will continue to contribute data, allowing for speciﬁcally targeted population-level analyses (e.g., connectivity changes as a function

3.5. Power
We calculated the FC variance (deﬁned as the mean normalized correlation value from the FC map / standard deviation) as a function of
the number of contributing runs to determine the suﬃcient number of
runs for seed-based connectivity. The runs were randomly selected to
7
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to collect fully awake marmoset fMRI data but are interested in localizing a region of interest based on FC. One method is to use the resource
to identify a connected area (right 8aV connectivity from right superior colliculus shown in Fig. 7) and directly apply the coordinates (in
stereotactic template space, listed at the bottom of the viewer) to a surgical apparatus (Fig. 7C). In other words, this resource adds another
dimension to the structural atlases, FC, to inform presurgical targeting.
A second, slightly more sophisticated example is to coregister the functional topology to an individual marmosets’ brain anatomy and even
head morphology (for which we provide the code; Fig. 7D). As previously described using the UWO data, we have implemented this later
approach to implant electrode arrays and corroborated this localization
technique post-hoc using CT to verify the electrode placement location
(Selvanayagam et al., 2019).
3.7. Comparison with tracer-based cellular connectivity

Fig. 5. Correlation of default mode network (DMN) connectivity with animal
age, plotted by sex. The mean FC across the DMN topology for each animal
is plotted against the animal age in months. As shown by the exponential ﬁt,
connectivity peaks after sexual maturity and gradually declines with age, similar
to what has been demonstrated in other primate species.

With cortical tracer injections publicly available (Majka et al., 2020),
we demonstrate another utility of the resource: comparing FC maps with
structural connectivity in marmosets. As shown in Fig. 8, injections of diamidino yellow (a retrograde cellular-level tracer) into area 46 of cortex
show good spatial correspondence with the positive FC values (i.e., in
phase correlations). However, the negative FC values (i.e., out-of-phase
correlations) demonstrate that RS-fMRI-based FC maps supply essential
additional information. The regions showing negative correlations are
not directly structurally connected, at least not in the retrograde direction yielded by the histochemistry. Although disentangling the implications of this connectivity is beyond the scope of this resource-related
manuscript, this is an example of the types of questions that this resource
can address (Hori et al., 2020).
We also demonstrate additional information our resource oﬀers,
complementing existing structural connectivity resources, which only
show connectivity from select injection sites. As shown in Fig. 9,
we systematically plotted connectivity across (within) area TE3 and
compared available tracer injections within that region (left; CJ180CTBr and CJ180-DY; marmosetbrain.org for notes on these injections)
(Majka et al., 2020). Notably, although the overlapping group-level
functional connectivity and subject-level tracing are reasonably consis-

of brain development) Fig. 6.B shows the spatial topology (8aV seed,
same as Fig. 3) as a function of the randomly selected number of runs
(but not iterated, as averaging the iterations contaminates the noise parameter). These ﬂat map topologies demonstrate that even at a low number of runs (e.g., 2), the spatial topology is apparent amid the noise (i.e.,
the Z-value at the core of the main regions of interest remains similar
from 2 to 128 runs; Fig. 6A) but the noise-ﬂoor lowers as the number
of runs increases. These maps demonstrate that even a minimal amount
of data (e.g., one 15-minute run at ≥ 7T) can be informative for robust
correlations, but the intricacies of weaker connections become clearer
with > 8 runs, as shown in the power analysis of Fig. 6A.
3.6. Presurgical planning
Fig. 7 demonstrates one utility of the Marmoset Functional Connectivity Resource for researchers who do not necessarily have the means

Fig. 6. (A) shows the power of the correlation maps (using the average time course from gray matter voxels as a seed) as a function of randomly selecting a given
number of runs. The bottom row shows the power (variance) for both the NIH data (7 T) and UWO data (9.4 T). (B) shows the eﬀect of the number of randomly
selected runs on the resultant correlation topology.
8
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Fig. 7. Schematic demonstrating potential use of the Marmoset Functional Connectivity Resource for presurgical planning. A user selects the FC topology for a
region of interest (A) and identiﬁes functionally connected areas as targets for surgery (B). The user can accomplish this task by two methods: (C) method 1 takes
the coordinates from the viewer, places the crosshairs in the desired connected region of interest, and applies these coordinates directly to a stereotactic device. A
3D printed model is shown in stereotactic position (with skull cut away to expose the cortical surface) to demonstrate targeting based on the resource coordinates.
(D) in method 2, the user employs the supplied code (downloaded from https://gitlab.com/cfmm/marmoset-connectivity) to transform the FC map to their native
animals’ anatomical MRI space. This method helps include the head morphology into presurgical planning. The bottom right image shows a postsurgical CT image
of an electrode array implanted using this method.

tent, it is clear that FC varies widely across area TE3. This variability may be critical for targeting connections along functional/structural
border regions or understanding gradients of functional connectivity
along the cortical ribbon. As such, a signiﬁcant advantage of the Marmoset Functional Brain Connectivity Resource is that it provides comprehensive connectivity data across the marmoset brain, not limited to
injection sites nor regional boundaries.

ulation of adult marmosets acquired with ultra-high ﬁeld MRI while
fully awake. This resource allows users to instantaneously view and
use FC topologies from any gray matter voxel in the marmoset brain
online (marmosetbrainconnectome.org; Fig. 1), oﬀering a ﬁne-grained
(500 μm) insight into how the marmoset brain is functionally connected in any given region, utterly agnostic to structural nomenclature.
Practically, with high-powered population group functional topologies
mapped to stereotactic space, these connectivity topologies can be translated directly for presurgical planning procedures or to corroborate
topologies acquired via other techniques. Scientiﬁcally, the Marmoset
Functional Brain Connectivity Resource can be used to quickly inform
hypotheses of interest regarding the connectivity of a region (e.g., the
extent to which FC patterns of marmoset cerebellum overlap well with
Old World primates). To maximize the utility of this data, all of the raw
data and preprocessing code are publicly available for download and
use.
As shown in Figs. 2 and 3, we optimized the functional MRI data
from both institutions (UWO and NIH) for a high signal-to-noise ratio
across the brain through the development of custom marmoset-speciﬁc
hardware and by training the animals to tolerate the MRI environment
through standardized training procedures (Schaeﬀer et al., 2021 for review) Fig. 2. demonstrates one major diﬀerence between the acquisitions, which were otherwise well-matched in acquisition parameters –
the UWO data (Sub-01 – Sub-05), acquired at 9.4T, utilized anteriorposterior phase-encoding and plastic head chamber implants, resulting
in larger acceleration-related artifacts in that direction. For analysisminded laboratories, it may be interesting to explore methods of ameliorating these artifacts beyond the standard analysis pipelines included
in our resource. This spatial mixing of signal did not signiﬁcantly impact
the correlation maps of interest, even at the individual level, as shown

3.8. 25 μm marmoset brain connectome anatomical template
Fig. 10 shows the 25 μm MBC ex vivo template in native space. At
25 μm, the MBC template oﬀers exquisite anatomical detail, which can
be used to further inform the location of functional connectivity topologies and aid in registration across modalities. As MRI hardware continues to improve, it is feasible that even higher resolutions will be possible
– individual axons, for example, may be visible among whole-brain 3D
images that can readily be registered across modalities. Such images
will be advantageous over techniques requiring physical slicing and microscopy, which inevitably leads to tissue deformation.
4. Discussion
If the marmoset is to become a competitive preclinical modeling
species in the neurosciences, tremendous progress must be made in
understanding the functional and structural organization within the
context of what we have learned from longstanding preclinical animal species (Okano, 2021). Here, we build on existing eﬀorts to accelerate progress in mapping the marmoset brain (Majka et al., 2020;
Liu et al., 2021; Okano et al., 2016) by developing an online resource for viewing and manipulating whole-brain FC maps from a pop9
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Fig. 8. Example of multi-modal comparisons allowed by the Marmoset Functional Brain Connectivity Resource. The left panel shows the FC maps downloaded from
the resource and projected onto the left MBM cortical surface – this is to compare the left hemisphere injection of diamidino yellow into area 46. The tracer injection
was downloaded from a complementary public resource, The Marmoset Brain Connectivity Resource (Majka et al., 2020), and transformed into the MBM template
space. The resultant traces are shown in black (gray, transparent), overlaid on the surfaces (left), and the native ﬂat surface (right) compared to the FC data shown
in hot and cool colors.

Fig. 9. Example of additional information provided by the Marmoset Functional Brain Connectivity Resource with reference to existing tracer-based resources. Eight
voxel-wise regions of interest (ROIs; A through H) were drawn across the rostral-caudal axis of area TE3 for FC comparisons with publicly available tracer injections
in area TE3. Green labeled ROIs indicate FC data, whereas purple labeled ROIs show where tracer data is publicly available within area TE3 from marmosetbrain.org.
Tracer maps (B & E) were downloaded from marmosetbrain.org, and FC maps (A through H) were generated from marmosetbrainconnectome.org.
10
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Fig. 10. Coronal slices of the 25 μm Marmoset Brain Connectome ex vivo template in native space.

in Fig. 3 with the frontal cortex (8aV) FC topologies overlapping well
across the data from both UWO and the NIH (also see Fig. 4, for entire
area 8aD seed topologies).
The power analysis (Fig. 6) demonstrated that the group-level data
had adequate power for generating population-level FC maps. These
data suggest that > 20 RS-fMRI runs are needed to obtain suﬃcient
power for correlation maps with our hardware setups – beyond this
point, the mean Z-values of a given correlation map remain similar, and
the variance approaches an asymptote. As is the case with the fMRI
data collected at the NIH, our analyses suggest that eight runs (∼2 h of
awake fMRI) are suﬃcient for an individual animal with modern hardware (see individual-level functional connectivity maps, Fig. 3). The
requisite amount of data will likely decrease as hardware improves,
especially with improved sequence technology (e.g., zero echo time
and looping star sequences, multi-band and compressed sensing acquisitions) that reduce scan time while increasing the eﬀective signal
(Dionisio-Parra et al., 2020). Despite the resource demonstrating a sufﬁcient amount of data for generating FC maps in adult marmosets, we
will continue to upload data to this resource as we scan large cohorts
across the marmoset lifespan (1 day to old age) in both sexes as a function of transgenic manipulation, and as a consequence of various forms
of neuromodulation (e.g., drugs delivered through ultrasonic perturbation). Further, multi-modal data (e.g., RS-fMRI and in vivo diﬀusion
imaging) acquired at ﬁxed intervals (e.g., every six months) across the
lifespan will be uploaded as they are acquired. As such, users will be able
to use the resource to understand better how population-level FC varies
as a function of demographic variables or disease states Fig. 5. gives one
such example, showing changes in default mode network connectivity
as a function of age and sex. With all the publicly available data demographics, users can also download speciﬁc demographics (e.g., heavy
males in late life) to address their research questions. Individual-level
topologies can be loaded via the marmosetbrainconnectome.org viewer
without any analysis. Our group also seeks to expand this resource for
within-subject imaging and histology (e.g., tracing) as part of our ongoing multi-modal projects (note that the resource is currently compatible
with such between-subject comparisons, e.g., Fig. 8). As the resolution
of atlases and RS-fMRI increase, ﬁner-grained detailed comparisons will
be possible to link structure and function.
Using exclusively what is available from the online resource, we
demonstrate the utility for presurgical planning based on functional

connectivity (Fig. 7), whereby a user with some a priori knowledge or
hypothesis about marmoset connectivity can identify a seed of interest
(e.g., superior colliculus) and, with a few clicks, load the RS-fMRI-based
functional connectivity of that region and plan a surgery to probe a connected area (e.g., with a pharmacological injection or stimulation via
electrode array). Notably, users without access to an MRI can leverage
this resource (using stereotactic coordinates only). Further, researchers
who can only acquire a presurgical MRI or CT image of their marmoset
with more readily available hardware (e.g., 3 T MRI optimized for human scanning; see (Schaeﬀer et al., 2021) for possible options for imaging marmosets with MRI) can now integrate population-level FC information into their data by registering maps from our resource onto their
animals’ individual anatomy (Fig. 7B).
With a focus on interoperability of this resource with other publicly
available marmoset brain resources, we integrated existing atlases into
this resource (Hikishima et al., 2011; Liu, 2018; Paxinos et al., 2012),
allowing for correspondent mapping of the FC topologies with reference
to cytoarchitectural or MRI-derived boundaries. The atlases can be dynamically switched as overlays in both volumetric and surface space.
The labels of the regions are also displayed in the online viewer based
on the current crosshair position Fig. 8. illustrates an example of interoperability with other modalities – in this case, the FC maps of area 46
are corroborated by histochemical tracing drawn from a complementary
publicly available resource (Majka et al., 2020). Accordingly, these resources can readily perform similar comparisons in any circuitry of interest Fig. 9. shows an example of how our brain-wide functional connectivity data can complement existing resources (e.g., marmosetbrain.org)
(Majka et al., 2020), demonstrating a gradient of connectivity between
cortical tracer injection sites.
There are a few caveats to consider when using the data from this
resource. First, with a small seed size for the correlations (500 μm), we
found it prudent to spatially smooth the data as a preprocessing step,
which we applied at 1.5 mm FWHM. In some cases, this can result in
partial volume eﬀects, which can be identiﬁed in gray matter voxels bordering the dorsal cerebellum and ventral visual cortex. In the interest of
the integrity of the whole-brain data at large, we did not apply more aggressive spatial warping or masking techniques, but users interested in
correlations from these few adjacent voxels may want to consider such
methods to avoid cross-contamination of signals. Second, although our
dataset consists of a large cohort of animals to achieve a high level of
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signal due to the intrinsic design requirements of the radiofrequency
coils.
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